Object. The goal of this study was to evaluate the definition of treatment-resistant depression (TRD), review the literature regarding deep brain stimulation (DBS) for TRD, and identify potential anatomical and functional targets for future widespread clinical application.
The disorder is the most disabling condition for females; two-thirds of all depressed patients are female. Overall, it is the second most disabling condition in more technologically advanced countries and the fourth most disabling condition worldwide. 28, 35 Furthermore, MDD is associated with increases in both medical and psychiatric morbidity and mortality rates (consider, for example, pain, myocardial infarction, or suicide). 4, 17, 22, 56, 73 For this reason, depression carries a significant cost to healthcare delivery and utilization. For patients, the disease can significantly affect quality of life and workplace productivity.
Major depressive disorder is primarily characterized by anhedonia or sadness of mood. It usually disrupts the patient's life at both home and work and is characterized by several concomitant psychological and neurovegetative symptoms such as suicidal ideation, impaired attention and concentration, sleep disturbances, changes in appetite and sexual desire, and psychomotor agitation, or retardation. 2 It is critical to note that MDD has the potential to be both chronic and recurrent. Approximately 25-40% of patients experience a recurrence after the index episode, and 60% experience a recurrence within 5 years. Thirty percent of patients with just 1 episode of depression experience chronic depression, defined as continuous depression for > 1 year. 27, 46, 65 Although more than half of all depressed patients respond to any 1 antidepressant, only two-thirds of this group experience complete remission. Among the remaining patients are those who experience only a partial response and continue to have residual symptoms, do not respond at all, or do not tolerate pharmacotherapy. Factors predictive of resistance to pharmacotherapy include a family history of depression, Axis I comorbidities (for exam-ple, substance abuse, anxiety disorders, or cognitive disorders), medical comorbidities, extremes in age at onset, the delay from diagnosis to treatment, chronicity of depressive episode, and Axis II comorbidities (personality disorders). 15, 27, 46, 55, 65 Treatment-resistant depression is defined as "the lack of a clinical response after adequate pharmacotherapy has been attempted." 15, 55 The practical application of this definition has led to disagreement among psychiatrists, specifically with regard to definitions of adequate duration and magnitude of response and adequacy of treatments. 21, 36 Furthermore, pseudoresistance-due to misdiagnosis of the primary disorder, inadequate dosing, early discontinuation of medication, poor medication adherence, or atypical pharmacokinetics-may result in apparent treatment failure. 51 One classification scheme, developed by Thase and Rush and utilized by clinicians, identifies criteria with which to judge resistance to therapy (Fig. 1) . 52, 62, 65 Therapy for TRD is centered around several principles: 1) ensuring proper diagnosis and treatment, 2) ensuring that any pharmacological trial is of adequate dosage and duration (and that the patient is adhering to the therapy), 3) maximizing medical therapy in cases of a partial response (increasing dosage and/or duration), and 4) optimizing the side effect/symptom profile for medical treatment to improve drug tolerance. 27, 44, 46, 51 In addition to medication (including augmentation/adjunctive drugs), combination therapy including psychotherapy has been shown to be beneficial. 41 When these treatment modalities fail, somatic therapies can be used. 12, 18 Somatic therapy for depression includes several modalities: 1) ECT, 2) VNS, 3) TMS, 4) ablation of deep brain targets, and 5) DBS. Electroconvulsive therapy has a long history of use in TRD and has been shown to have a 50-60% rate of efficacy. Disadvantages to ECT include acute rapid relapse, greater acute efficacy compared with long-term relief, acute and chronic cognitive side effects (memory disturbance), and lack of appeal to patients. 18, 50 Vagus nerve stimulation has no acute efficacy in the treatment of TRD but may have a role in the treatment of chronic depression. 9, 54 Concerns regarding VNS include its high cost, lack of Medicare or commercial coverage, and inadequacy in treating acute depression. Transcranial magnetic stimulation, which has not been approved by the Food and Drug Administration for the treatment of depression, has demonstrated only modest results. 47 Stereotactic limbic leukotomy, anterior cingulotomy, anterior capsulotomy, and subcaudate tractotomy have been used in the treatment of intractable neuropsychiatric disease. A 2002 review of stereotactic limbic leukotomy revealed that the procedure has the potential of improving symptoms in 36-50% of patients with intractable affective and obsessive-compulsive disorders, although side effects such as apathy, urinary incontinence, and memory impairment were reported. 43 Stereotactic subcaudate tractotomy has also been successful, with a reduction in the suicide rate and improvement in global functioning among patients with uncontrollable affective disorders. 6, 20, 29 Approximately 38-61% of patients with TRD who undergo stereotactic anterior cingulotomy or anterior capsulotomy have shown clinical improvement. 11, 29, 63, 64 The main disadvantage to ablative therapies is their irreversibility; however, DBS has the advantage of being both reversible and modulatory. Deep brain stimulation has shown promise in the treatment of TRD in some small series and case reports. 23, 24, 32, 40, 59, 64, 67, 69 As an established treatment for pain and movement disorders, the procedure may be more acceptable to patients who are considering a somatic treatment modality. Early reports show good results in the acute phases of therapy, which is an advantage over VNS. In this paper, initial data regarding DBS for the treatment of TRD will be reviewed, with an emphasis on the different putative surgical targets.
Deep Brain Stimulation for MDD
Ablative and irreversible procedures, such as stereotactic limbic leukotomy, anterior capsulotomy, and anterior cingulotomy, have been successfully performed for intractable neuropsychiatric illness, with acceptable results. 10, 25, 43, 48, 64 Deep brain stimulation, on the other hand, has the distinct advantage of being reversible, nonablative, and modulatory. It may also be more palatable to patients, who see it as an established treatment for parkinsonism, tremors, and dystonia. 10 Although there have been early reports of successful DBS for MDD, 23, 24, 32, 40, 59, 64, 67, 69 critical questions remain. The most appropriate target, optimal stimulation parameters, and long-term effects and efficacy remain uncertain. In response to a published article describing DBS for psychiatric disease, Dr. Cosgrove poignantly wrote that "deep brain stimulation may provide a unique opportunity to help patients who suffer horribly from the consequences of severe depression.... early efforts must go forward only with the highest ethical, moral, and scientific standards to ensure that this historic opportunity is not wasted.... much is at stake." 10 This notion is essential.
Nucleus Accumbens and Ventral Striatum
The reward circuitry of the ventral striatum and NAC has been associated with drug addiction and depression for many years (Fig. 2) . 30, 42, 45, 66 Changes in dopaminergic receptor densities in this region have been associated with inescapable stress and learned helplessness. 33 In mouse models, genetic predisposition may inhibit the metabolism and release of dopamine in the NAC under stressful conditions, providing a susceptibility to learned helplessness and thus depression. 70 In models of hypercortisolism-induced depression, high levels of cortisol have been associated with dopamine attenuation in the NAC. 49 Furthermore, empirical data obtained during TMS have suggested that increased mesolimbic dopamine within the NAC (as well as other structures) may contribute to successful neuromodulation for depression. 26, 72 The NAC is also involved in processing affective stimuli and has a potential role in depression, according to functional MR imaging studies. 42 From a neuroanatomical perspective, the NAC and ventral striatum receive projections mainly from the anterior cingulate cortex, agranular insular cortex, and orbitofrontal cortex. Whereas the core of the NAC receives input from all of these areas, the shell receives input mainly from the subgenual and pregenual cingulate cortices. 31 The NAC and ventral striatum then project to the dorsomedial nucleus of the thalamus by way of the ventral tegmental area, ventral pallidum, and substantia nigra-which in turn projects back to the prefrontal cortex, orbitofrontal cortex, anterior cingulate cortex, amygdala, and hypothalamus; this forms the limbic loop of the basal ganglia. 31, 59 The association of the NAC with areas intimately involved in depression makes it a practical candidate for neuromodulation.
In 2004 Aouizerate et al. 1 reported their first case of DBS in the ventral caudate in a patient suffering from intractable obsessive-compulsive disorder and concomitant major depression (the depression did respond to medical therapy). The patient underwent bilateral electrode implantation so that the deepest contacts were located in the NAC, and the superficial contacts in the ventromedial caudate. The tip of the right electrode was located 3 mm below the AC-PC line, 36.5 mm anterior to the PC, and 8.9 mm lateral to the AC-PC line; the left electrode was located 31.4 mm anterior to the PC line and 7.6 mm lateral and 1.7 mm below the AC-PC line. Stimulation of the bilateral NAC and ventral caudate at 130 Hz resulted in significant relief from depression and anxiety, until a remission at 6 months. Global function improved and neuropsychological scores were unaffected. Unfortunately, the psychiatric comorbidity in this patient and medication-responsive nature of the depression limit extrapolation of these data to patients with TRD only.
In a recently published report, Schlaepfer et al. 59 have described bilateral implantation in the shell and core of the NAC in 3 patients with TRD. The coordinates used were as follows: 1.5 mm rostral to the AC and 4 mm ventral and 7-8 mm lateral to the midline of the third ventricle. When all of the patients received continuous stimulation at 145 Hz, they showed continual improvement in scores for anhedonia and depression (without any negative side effects) and worse scores when the stimulator was turned off. Furthermore, PET studies performed before and during
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Deep brain stimulation targets in treatment-resistant depression stimulation demonstrated a significant increase in the metabolism of the bilateral ventral striatum, bilateral dorsolateral and dorsomedial prefrontal cortices, cingulate cortex, and bilateral amygdala after 1 week of therapy. Metabolism of the ventral and ventrolateral medial prefrontal cortex, shown in previous studies to be hyperactive in depression, was decreased. 7 Complete remission of depression was not achieved, but the clinical follow-up was 23 weeks in 1 patient and 5-7 weeks in the other 2. Regardless, neuromodulation of the ventral caudate and/or NAC appears to be safe and efficacious.
Subgenual Cingulate Cortex: Area 25
The subgenual cingulate cortex, as discussed in the previous section, has critical projections to and from the ventral striatum, NAC shell, and limbic cortical loop (Fig. 3) . The orbitofrontal, dorsomedial prefrontal, dorsolateral prefrontal, and dorsal cingulate cortices have reciprocal connections to the subgenual cingulate cortex according to tracer studies. This area also has reciprocal connections with the centromedial amygdala, bed nucleus of the stria terminalis, hypothalamus, and serotonergic regions of the DRNs and periaqueductal gray; these reciprocal connections support the notion that the subgenual cingulate is involved in visceromotor and vegetative physiology. 31 These connections have been confirmed using diffusion tractography in humans. 24, 60 Early work by Mayberg et al. 39 has demonstrated the integral role played by the subgenual cingulate cortex in both normal and pathological shifts in mood. Increases in limbic and paralimbic blood flow (as measured using PET) occur in the subgenual cingulate cortex and anterior insula during sadness; there is a significant inverse correlation between blood flow in the subgenual cingulate cortex and right dorsolateral prefrontal cortex. 34, 39 This inverse correlation has been confirmed by quantitative cytochrome oxidase histochemistry in rodent models. 61 A clinical response to antidepressants is associated with limbic and striatal (subgenual cingulate cortex, hippocampus, insula, and pallidum) decreases in metabolism and dorsal cortical (prefrontal, parietal, anterior, and posterior cingulate cortex) increases in metabolism. 13, 38 Furthermore, abnormalities in the subgenual cingulate volume and cytoarchitecture have also been noted in patients with familial affective disorders. 5, 19 Highfrequency repetitive TMS of the dorsolateral prefrontal cortex has been correlated with SPECT-demonstrated changes in the ipsilateral subgenual cingulate cortex and striatum, further underscoring their anatomical and metabolic connectivity. These data suggest that functional inhibition of the subgenual cingulate cortex by using DBS mimics or enhances the metabolic effects of antidepressant therapy.
In 2005 Mayberg et al. 40 implanted DBS electrodes in the bilateral subgenual cingulate cortex in 6 patients with TRD. Blinded, sequential intraoperative stimulation at 130 Hz was applied to discover the thresholds for safe and effective stimulation. When stimulation was on, patients reported positive emotional phenomena, with psychomotor slowing and lightheadedness occurring on stimulation above the 7-V threshold. In the acute postoperative period patients experienced reproducible increases in activity and mood scores, changes that failed to occur during sham stimula-tion. Chronic stimulation at 130 Hz resulted in a significant response and remission of depression in 4 of the 6 patients at 6 months; in the 2 remaining patients, 1 experienced a significant reduction in depression over the first 4 months that fluctuated over time and remained submaximal, and the other patient had no response. Furthermore, the stimulation benefit seemed to continue for 3-4 weeks after stimulation was ended until depression recurred. Positron emission tomography studies performed in the responders corresponded to the antidepressant effects noted earlier by Mayberg et al. 38 -that is, a decrease in limbic and striatal cerebral blood flow and an increase in dorsal cortical regions. Postoperative neuropsychological testing showed improvement in many preoperatively deficient areas and no impairment in orbitofrontal functioning. In this small series, the subgenual cingulate cortex was a stimulation target with potentially high efficacy and low risks, although further work is necessary to identify anatomical or physiological risk factors for unresponsiveness to therapy.
Inferior Thalamic Peduncle
The ITP has been identified by Velasco et al. 68 as a potential stimulation target for refractory depression (Fig. 4) . The ITP is a bundle of fibers that connects the nonspecific thalamic system to the orbitofrontal cortex; this system induces electrocortical synchronization and aids the inhibition of input of irrelevant stimuli (thus providing selective attention). 23, 68 According to functional imaging and PET, both the ITP and orbitofrontal cortex have proven to be hyperactive in depression, a phenomenon that reverses with effective pharmacological treatment. 68 When these areas are lesioned, hyperkinesias and increased attentiveness result. 68 Thus, neuromodulation with high-frequency DBS may be effective during depression episodes. In 2005 Jiménez et al. 23 published their first report of successful DBS electrode implantation in the ITP for refractory depression. In that case a 49-year-old woman with severe TRD and multiple hospitalizations received bilateral tetrapolar electrodes in the ITP, which were continuously stimulated at 130 Hz. Both EEG studies and clinical changes following a period of acute stimulation with temporary electrodes guided permanent electrode placement. Optimal electrode placement was determined to be 5.0 mm lateral to the midline, 4.0 mm behind the AC, and 0.5 mm below the AC-PC line. Postoperatively, while stimulation was on, the patient experienced global improvement in function, neuropsychological scores, and Hamilton depression scores; this effect was reversed when the stimulator was off. Interestingly, there was an initial temporary antidepressant effect after electrode placement even without stimulation, an occurrence similar to that in some patients who experience transient tremor relief after the placement of thalamic electrodes. Overall, the therapeutic effect of stimulation was believed to be attributable to the inhibition of the orbitofrontal cortex, which is typically overactive in depressed patients. 23 Although this initial report indicates promise, large-scale trials of implantation are necessary to determine the efficacy and safety of this target. target for TRD (Fig. 5) . The rostral cingulate cortex is thought to mediate between the dorsal (dorsolateral prefrontal cortex, dorsal anterior cingulate cortex, inferior parietal cortex, and striatum) and ventral (paralimbic cortex, subcortical hypothalamus, insula, subgenual cingulate cortex, and brainstem) areas of limbic-cortical dysregulation in depression. 37, 57 Smaller volumes of the rostral cingulate cortex have been found in boys with subclinical depression. 3 Metabolic studies have confirmed that the rostral cingulate cortex shows increased glucose utilization in patients who respond to antidepressants (as opposed to nonresponders), with metabolic activity predicting the magnitude of the response to pharmacotherapy. 37, 53, 57 Rostral cingulate cortex involvement in depression has also been corroborated by functional MR imaging data.
14 This area's central role in mediating the dysfunction between the ventral (neurocognitive) and dorsal (somatic) compartments makes it an attractive candidate for neuromodulation. No electrode has yet been implanted in the rostral cingulate cortex in humans; however, stereotactic lesioning of this area has shown beneficial effects. 64 
Lateral Habenula
The lateral habenula has been proposed as a putative target for DBS; however, no human trials appear in the literature (Fig. 6) . 58 Depression is associated with an increase in the activation of the lateral habenular nucleus, downregulation of monoaminergic (norepinephrine, serotonin, and dopamine) systems, and stimulation of the hypothalamicpituitary axis. 58 From an anatomical standpoint, the habenular nuclear complex projects to the DRNs and locus ceruleus (both with projections to the medial prefrontal cortex). 16, 58 In depressed rats, metabolic activity and regional cerebral blood flow in the lateral habenula are increased. 8, 58 Global metabolic rates are decreased in the forebrain, and regional metabolic rates are decreased in the dorsal medial prefrontal cortex and anterior ventral nucleus of the thalamus. The administration of monoamine oxidase inhibitor antidepressants prevents the hypermetabolism found in the lateral habenula. 8, 58 Habenular lesions attenuate the rise of serotonin in the DRNs under stressful conditions (leading to decreased serotonin in the DRNs projection areas via negative feedback), a process that could otherwise lead to depression. 58 When the lateral habenula is inhibited by electrical stimulation in rats, norepinephrine in the hippocampus/prefrontal cortex increases, as does serotonin in the striatal circuits (independent of DRNs control). 16, 58 High-frequency stimulation attenuates the rise of serotonin in the DRNs, which would lead to higher serotonin levels in projection areas. 16, 58 In a study by Yang et al., 71 depressed rats were lesioned in the lateral habenula, which resulted in decreased behavioral measures of depression (less immobility time during forced swimming) as well as lower levels of serotonin in the DRN by microdialysis. Thus, functional inhibition of this area using high-frequency DBS may have therapeutic benefit.
Conclusions
Neuromodulation of the limbic circuit shows great potential for restoring functionality to patients crippled by TRD. Although the ventral striatum/NAC, subgenual cin-gulate cortex, ITP, rostral cingulate cortex, and lateral habenula are all reasonable targets for DBS electrode implantation, the stimulation of any of these locations is likely to modify the same or similar circuits, as the different areas appear to be anatomically and functionally related. Whereas early case reports and series have provided promising data regarding functional outcome, it is clear that a largescale trial must be conducted to adequately assess the safety and efficacy of stimulation for depression. Data from such studies will provide information regarding optimal target localization, stimulation parameters, and adverse effects. This is a critical and exciting time for the functional neurosurgeon. Modern neuromodulation now offers hope to many people who may regain the capacity for normal social interaction and eventually return to work. Beyond the negative history of psychosurgery, we have the opportunity to advance and broaden the spectrum of DBS applications. A solid scientific rationale, a flawless experimental protocol, and an adherence to a strong code of ethics are vital to ensuring the success of these endeavors.
